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ABSTRACT 
Musculoskeletal disorders (MSDs) have become a major health concern with 
the industrial revolution and technological advances. The National Institute for 
Occupational Safety and Health (NIOSH) recently estimated the cost of MSDs at $13 
to $20 billion annually. Back, spine, and spinal cord disorders add up to 60% of the 
total MSD injuries.  
Based on pervious studies, it is known that lumbar ligaments play a limited or 
little role in stabilizing the spine; where as the musculature around the spine is the 
major stabilizing structure. However, repetitive or prolonged static displacement or 
load induces creep in passive tissues of the spine including ligaments, disc, and joint 
capsule. The resulting creep in the ligaments or the laxity developed in the viscoelastic 
structure causes instability of the spine associated with pain, leaving the spine without 
protection. This study concentrates on the response of the lumbar spine when 
subjected to static loading.  
Twenty-two in vivo feline preparations were subjected to four different 
intensities of load, and electrical activity of the multifidus muscles for six lumbar 
levels and creep behavior of the supraspinous ligament were observed for twenty 
minutes of loading and seven hours of rest period.  
Results show that seven hours of rest period was not enough for the multifidus 
activity and creep developed in the viscoelastic tissue to return to normal. Larger loads 
elicited larger initial vertical displacement in the lumbar spine as well as higher creep 
values. Based on the observed data, four exponential and time dependant models were 
 x
developed in the mathematical description of the electrical activity and the vertical 
displacement in the supraspinous ligament for both loading and recovery periods.  
 
   
 1
CHAPTER 1 - INTRODUCTION 
Musculoskeletal disorders (MSDs) have become a major health concern with 
the technological advances after the industrial revolution (Kumar, 2001; Wirth and 
Cutlip, 2001). In 1994, the U.S. Department of Labor, Bureau of Labor Statistics 
determined the number of injury or illnesses resulting from repetitive motion and 
overexertion as 705,800 per year (BLS, 1995). According to the National Health 
Interview Survey (NHIS) on back pain, 78 percent of the participants reported that the 
pain was associated with repeated activity, a single accident or injury, or both 
(NRCIM, 2001). The National Institute for Occupational Safety and Health (NIOSH) 
recently estimated the cost of MSDs at $13 to $20 billion annually (NIOSH, 1996). In 
1997, approximately 472,000 back, spine, and spinal cord cases were recorded in 
different industries; including services (28%), manufacturing (21%), and retail trade 
(16%) (NIOSH, 1999). Operators, fabricators, laborers, and service personnel are the 
most susceptible occupational groups to back, spine, and spinal cord injuries and 
disorders adding up to 60 percent of the total MSD injuries (NIOSH, 1999).  
In general, workplace musculoskeletal injuries are classified under two 
categories: idiopathic and traumatic (Kumar, 2001). Idiopathic injuries are mediated 
through mechanical degradation and cannot be attributed to a specific act or incident. 
Traumatic injuries are associated with an incident or an action including overexertion, 
sudden imbalance, pulling apart, crushing, impact, slip and fall, cut, abrasion and 
laceration. 
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Kumar (2001) described the risk factors for MSDs in four major categories 
including genetic, morphological, psychosocial, and biomechanical. Although genetic 
and morphological factors have an important role in prevention of MSDs, only 
biomechanical and psychosocial factors allow effective control strategies. This study 
concentrates on the effects of the biomechanical factors. Among the various 
biomechanical risk factors, exposures to repetitive static and vibratory activities are 
known to result in musculoskeletal disorders including soft tissue injuries. Ligaments 
and tendons are two connective soft tissues that are more susceptible to injury.  
Timmerman et al. (1999) classified ligament injuries into two main categories: 
repetitive micro–trauma, where a soft tissue failure occurs because of exposure to 
forces, which are below the normal ultimate tensile strength; and macro–trauma, 
where the forces within a ligament are sufficient to cause partial or complete rupture 
of its fibers. The most clinically recognizable ligament injuries result from acute 
macro–trauma.   
Previous studies indicate that low back pain or low back injury may occur 
when spinal load exceeds the tissue's tolerance limit (Herrin et al., 1986; McGill, 
1999; Norman et al., 1998). Therefore, cumulative load exposure predisposes the spine 
to pain and/or injury and is a risk factor (Kumar, 1990). 
This study concentrates on the response of the lumbar spine when subjected to 
different magnitudes of static load. A mathematical modeling of the phenomenon is 
also developed.   
The following sections include a simple description of low back anatomy and 
physiology, a review of related literature, definition of goals and objectives, step-by-
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step methodology and experiment procedure, results of the experiments, and model 
development procedure. A conclusion and a discussion of the results for future studies 
are also included. 
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CHAPTER 2 - BACKGROUND AND LITERATURE 
REVIEW 
2.1 LOWER BACK ANATOMY AND PHYSIOLOGY 
To be able to analyze the effects of static loading on viscoelastic tissue 
behavior and muscle activity, it is important to understand the basic anatomical and 
physiological properties of the human lower back structure and its elements. In this 
section, ligaments, tendons, vertebral column, intervertebrae joints, spinal cord, 
multifidus muscle, and mechanoreceptors are briefly described.   
2.1.1 Ligaments and Tendons 
Connective tissues protect and support the body and its organs, bind organs 
together, store energy reserves as fat, and provide immunity. They consist of three 
elements: cells, ground substance, and fibers (Tortora, 1995). The cells derive from 
mesodermal embryonic cells. The ground substance supports cells, binds them 
together, and provides a medium through which substances are exchanged between the 
blood and cells. Fibers provide strength and support for tissues. 
There are three different types of fibers: collagen fibers, elastic fibers, and 
reticular fibers. Collagen fibers are though and resistant to a pulling force. These fibers 
consist of the protein collagen. They occur in bundles of tiny fibrils lying parallel to 
each other. Elastic fibers consist of a protein called elastin. They provide strength and 
can be stretched up to 150 percent of their relaxed length without breaking. Reticular 
fibers consist of the protein collagen and a coating of glycoprotein. They provide 
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support in the walls of blood vessels and form a network around fat cells, nerve fibers, 
and skeletal and smooth muscle cells (Tortora, 1995). 
Tendons attach muscles to the bones. These structures have high tensile 
strength and high modulus of elasticity (Kumar, 1999; Kumar, 2001). Their major 
function is transferring forces between muscles and bones. Ligaments connect bones 
at the articulations and provide joint support and stability. These structures help to 
distribute load to other structures in the joint. Therefore, they are important structures, 
which bear tensile loads in the joints (Garrett et al., 2000). Both of these connective 
tissues are made of collagen, which is visco-elastic in nature. Viscoelasticity is the 
tissue’s ability to adjust or adapt to repetitive loading by changes in its length or its 
load over time. 
Ligaments and tendons differ in their microstructure and collagen fiber 
organization. In ligaments, the collagen fibers are arranged in the form of a flat sheet. 
In tendons, the fibers are in the form of a rope, running in one direction. 
During loading, the collagenous fibres rearrange their position parallel to the 
axis of stress. As their loading is further increased to the failure point, the fibers start 
gliding upon one another. This represents the breaking of the forces, which hold the 
fibers together. When these forces are broken, the fibers tear completely (Tkaczuk, 
1968). During flexion and extension of the lumbar spine, the longitudinal ligaments 
adjust to the position of the vertebral column by changing their length (Tkaczuk, 
1968). In addition, the lumbar spine ligaments are innervated by neurofilament 
immunoreactive nerve fibers (Rhalmi et al., 1993). These neural structures appear as 
single nerve fibers or bundles terminating as free nerve endings.  
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Ligament properties in response to loads can be described in three different 
ways: structural behavior (load-deformation), material behavior (stress-strain), and 
viscoelastic behavior (relaxation and creep) (Butler et al., 1978; Frank, 1996; 
Timmermann et al. 1999; Woo et al., 1982; Woo and Adams, 1990; Woo and Young, 
1991; ). Structural behavior is the ligament's response to a mechanical load regardless 
of its shape and size, material properties are used in order to compare ligaments of 
different size (Timmermann et al., 1999). In this study, the focus is on the structural, 
material, and viscoelastic behavior of supraspinous ligament. Supraspinous ligament is 
a single, long vertical fibrous band passing over and attached to the tips of the spinous 
processes of the vertebrae from the seventh cervical to the sacrum (Dorland, 1994). 
2.1.2 Vertebral Column 
The vertebral column is a strong, flexible structure that bends anteriorly, 
posteriorly, laterally, and rotates. Its function is to protect the spinal cord, support the 
head, and serve as a point of attachment for the ribs and muscles of the back. The 
vertebral column consists of a series of bones called vertebrae. The adult vertebral 
column typically contains 26 vertebrae. There are seven cervical vertebrae in the neck 
region, 12 thoracic vertebrae posterior to the thoracic cavity, 5 lumbar vertebrae 
supporting the lower back, 5 sacral vertebrae fused into one bone called sacrum, and 4 
coccygeal vertebrae fused into one or two bones called the coccyx. Between each 
vertebrae from the first vertebrae (atlas) to the sacrum are intervertebral discs. 
The lumbar vertebrae (L1-L5) are the largest and strongest in the column since 
they support higher amounts of body weight than cervical and thoracic vertebrae. The 
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spinous processes are well adapted for the attachment of the large back muscles 
(Tortora, 1995). 
2.1.3 Intervertebrae Joints 
Intervertebrae joints allow mobility to the spine. Several studies have shown 
that they also have an important role in stabilizing the lumbar spinal segments 
(Bogduk and Twomey, 1987; Farfan et al., 1970; Gregersen and Lucas, 1967; 
Markolf, 1972, White and Panjabi, 1978). An intervertebral joint includes two 
vertebrae and an intervertebral disc between the vertebrae. 
 The intervertebral disc consists of four tissues: the nucleus pulposus, the 
annulus fibrosus, the cartilaginous endplates, and the vertebral body (NRCIM, 2001). 
The nucleus pulposus is a viscous, protein gel, made up of collagen and 80 percent 
water. The annulus fibrosus is a ligamentous tissue composed of collagen fibers. The 
cartilaginous endplates are composed of mostly hyaline cartilage. They serve as the 
upper and lower surfaces of the intervertebral discs. The vertebral body consists of a 
porous bone core that is surrounded by a thin shell of dense bone. The major load-
bearing role of the intervertebral disc is in axial compression, flexion, and anterior 
shear translation (Adams et al., 1988; Tencer et al. 1982). 
The previous studies have shown that the intervertebral disc changes its height 
and viscoelastic properties as a result of changes in the fluid content, which can be due 
to compression elicited by prolonged sitting and standing (Dolan et al., 1993; Hedman 
and Fernie, 1995; Leivseth and Drerup, 1997; McGill and Brown, 1992, Towney and 
Taylor, 1982), or as a result of cyclic, vibratory, or prolonged loading (Adams et al., 
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1990; Adams and Hutton, 1988; Botsford et al., 1994; Ekstrom et al., 1996; Goel et 
al., 1988; Keller et al., 1989; Wilder et al., 1985) by means of fluid loss of  the disc. 
The reduced fluid content in the disc increases the laxity of the intervertebrae joints, 
allowing an increase in the intervertebral motion that causes instability (Solomonow et 
al., 1999). 
2.1.4 Spinal Cord 
The spinal cord is located within the spinal canal of the vertebral column. 
Spinal cord conducts sensory impulses from the periphery to the brain and motor 
impulses from the brain to the periphery. The gray matter around the central canal of 
the spinal cord receives and integrates incoming and outgoing information (Tortora, 
1995). 
The spine is innervated by the sinuvertebral nerve and posterior primary 
ramus. The sinuvertebral nerve arises from the anterior aspect of the spinal nerve, and 
adjacent to the posterior longitudinal ligament, it divides into ascending, descending, 
and transverse branches. The posterior primary ramus arises from the spinal nerve 
lateral to the intervertebral foramen, and divides into medial and lateral branches 
(Edgar and Ghadially, 1976). 
2.1.5 Multifidus Muscle 
The Latin word Multifidu means split in many parts. In the lumbar spine, 
multifidu muscles are superficial, thick, and present more vertical fibers compared to 
the multifidu in the thoracic region since they are the only muscle fibers present on the 
back of the lumbosacral transition. Therefore, they are expected to produce enough 
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tension to ensure posterior stabilization in the lumbar region while providing mobility 
(Bojadsen et al., 2000; Kaigle et al., 1995).  
Each multifidu muscle acts as an extensor, and generates compressive and 
shear forces on the spinal motion segments. The muscles that act directly on a 
particular vertebral segment are innervated by the nerve of the same segment (Bogduk 
et al., 1982; Bogduk, 1983; Macintosh et al., 1986). The multifidus muscles are the 
longest and most medially oriented bilateral group of back muscles. They originate 
from the mamillary processes of the superior facet and inserts on the spinous 
processes. This orientation produces control capacity for rotation, abduction, and 
extension among the individual motion segments (Dorland, 1994; Kaigle et al., 1995,). 
2.1.6 Mechanoreceptors 
There are five different types of receptors in human body (Tortora, 1995). 
Mechanoreceptors detect mechanical pressure or stretching (Bronzino, 1995; Dorland, 
1994). Thermoreceptors detect temperature changes. Nociceptors detect pain. 
Photoreceptors detect light. Chemoreceptors detect chemicals in the mouth, nose, and 
body fluids.  
Among various types of mechanoreceptors in human body, only type II and 
type III receptors are found in the supraspinous ligament (Hirsch et al., 1963; Rhalmi 
et al., 1993; Roberts et al., 1995; Yahia et al., 1988; Yahia and Newman, 1991). Type 
II mechanoreceptors are mostly fast adapting and signal the initiation and termination 
of a stimulus to the central nervous system. Type III receptors provide signals during 
the extremes of range of motion and significant loads. Therefore, type II 
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mechanoreceptors may provide continuous signals of changes in ligament strain and 
thereby allow, through the reflex arc, for continuous adjustments in muscular activity, 
and contribute to joint stability. The function of type III receptors may be to signal 
extremes of strain in the ligament, and elicit high activity response from the muscles to 
prevent overstretching and possible rupture upon high strains. Free nerve endings are 
also present in the supraspinous ligament (Yahia et al., 1988). They provide long-
lasting information relative to the deformation of the tissues in which they are 
embedded. Together, all receptors monitor the timing and intensity of the tissue 
deformation (Petrie et al., 1998). 
2.1.7 Muscle Soreness 
The muscular soreness is accompanied by stiffness, tenderness, and reduced 
muscle strength caused by mechanical damage of the myofibrillar structures, and the 
connective tissues within the muscle and in its attachment to the tendon. One other 
cause may be histamine and other elements produced or mobilized as a result of the 
inflammatory process. The symptoms usually appear from a few hours to a day after a 
vigorous exercise, and fade away gradually after 4 to 6 days (Astrand and Rodahl, 
1986).  
2.2 LITERATURE REVIEW 
The lumbar intervertebral discs and ligaments are most easily injured when the 
spine is subjected to a high forward bending moment. A bending moment increases 
the hydrostatic pressure in the nucleus pulposus and at the same time stretches the 
posterior annulus (Adams and Hutton, 1988; Pearcy and Tibrewal, 1984; Schultz et 
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al., 1979). In addition, a bending moment can stretch and tear the posterior 
intervertebral ligaments (Adams et al., 1980). 
The risk of bending related injury to the lumbar discs and ligaments depends 
on the loads applied to the spine, the loading rate, and the loading history (Adams and 
Dolan, 1996). Wang et al. (2000) studied the effects of loading rate on the load sharing 
and safety margin of spinal structures by applying compression (2000 N) and shear 
loads (200 N) to the L2–L3 lumbar motion segment. The higher loading rate increased 
the peak intradiscal pressure by 12.4 percent and the bending moment by 20.7 percent, 
as well as the total ligament forces by 11.4 percent. The higher loading rate reduced 
the safety margin of passive spinal elements. 
Two different time dependent phenomena, which could be the source of the 
problems, are associated with the ligaments: creep and tension-relaxation (Indahl et 
al., 1997; Panjabi, 2001; Tkaczuk 1968; Walters and Morris, 1973). Tension–
relaxation is the decrease in load of a viscoelastic tissue under constant elongation. 
Creep is the time–dependant elongation of a tissue under constant load (Garret et al., 
2000). The relationship between tension and elongation is non-linear. As the applied 
load continues to increase, the individual fibers start to fail and after the peak load is 
reached, failure of the structure occurs.  
Various studies using different approaches and experimentation techniques 
indicate that lumbar ligaments play a limited role in stabilizing the spine (Abumi, 
1990; Andersson et al., 1985; Berkson et al., 1979; Crisco et al. 1992; Lucas and 
Bresler, 1961; McGill and Norman, 1986; Posner et al., 1982; White and Panjabi, 
1978); where as the musculature around the spine is the major structure that performs 
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the stabilizing task (Bogduk and MacIntosh, 1984; Bojadsen et al., 2000; Gardner-
Morse and Stokes, 1998; Granata and Marras, 1995; Indahl et al., 1995; Kaigle et al., 
1995; Kumar et al., 1996; McGill and Norman, 1986; Panjabi, 1992; Pope et al., 1986; 
Zetterberg et al., 1987).  However, repetitive or prolonged static displacement or load 
induces creep in passive tissues of the spine including ligaments, disc, and joint 
capsule (Jackson et al., 2001; Solomonow et al., 1999; Williams et al., 2000). The 
resulting creep in the ligaments or the laxity developed in the viscoelastic structure 
causes instability of the spine and pain, leaving the spine without protection. 
Recent studies have shown that a ligamento–muscular reflex arc exists in 
humans and animals, to stabilize the knee, shoulder, elbow, ankle joints and spine. 
This reflex is triggered by mechanoreceptors in the ligaments, discs, and facet 
capsules to the multifidus and longissimus muscles, allowing the musculature and the 
visco–elastic tissues of the spine to act synergistically (Guanche et al., 1995; 
Hirokawa et al., 1991; Knatt et al., 1995; Lewis et al., 1996; Phillips et al, 1997; 
Solomonow et al., 1996; Solomonow et al., 1987; Solomonow et al., 1998; Stubbs et 
al., 1998; Williams et al., 2000). 
In 1999, Solomonow et al. studied the effects of cyclic loading of the lumbar 
spine by applying a passive cyclic loading of 0.25 Hz. to L4–L5 lumbar level for 50 
minutes. The loading was followed by a 10-minute rest period and the same loading 
cycle was repeated for a second and a third time. They found out that cyclic loading 
exposes the spine to instability and injury because of three physiologic mechanisms. 
The laxity developed in the ligamentous tissue desensitizes the mechanoreceptors 
within the ligament, making them unable to initiate the muscular forces to prevent 
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instability. The creep deformation of the viscoelastic structures such as ligament and 
disc also causes laxity increase in the intervertebrae joint, which has a desensitizing 
effect on the receptors within. The third physiologic mechanism is the loss of the 
muscular forces when subjected to fatigue. 
In addition, innervations and mechanical stimulation of the ligament produces 
reflex spasms, which could cause low back pain and discomfort (Eversull et al., 2001; 
Pedersen et al., 1956; Williams et al., 2000; Yahia and Newman, 1993). The reflexive 
activity of the musculature decreases significantly when the viscoelastic structures are 
subjected to creep, leaving the muscular forces unable to prevent instability (Gedalia 
et al., 1999; Solomonow et al., 1999; Jackson et al., 2001). 
One important question that comes to mind is the duration of a rest period that 
allows the creep and laxity in the viscoelastic structures to recover and restore the 
reflexive muscular activity. Several studies investigated the time for recovery under 
different types of load exposures. McGill and Brown (1992) have investigated the 
creep induced in the human lumbar spine during flexion in seated position for 20 
minutes. Both male and female subjects participated in the experiment. In males, after 
20 minutes of rest, the recovery of the creep was 50 percent. The recovery was faster 
for females. They concluded that the viscoelastic recovery of the creep was 
exponential and required longer time for full recovery. In their study of an in vivo 
porcine spine, after applying vibratory stimulus for 1 hour, Ekstrom et al. (1996) 
concluded that after one hour of rest, full recovery was not possible. Crisco et al. 
(1997) investigated creep and recovery in the human wrist ligaments. They concluded 
that 2 hours of rest produced only partial recovery after repetitive loading exercise of 
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the wrist. However, when they examined their subjects after 24 hours of rest, the creep 
was fully recovered.  
In an in vivo feline study, Gedalia et al. (1999) observed the recovery of 
reflexive muscular stability with rest. L4–L5 lumbar level was subjected to a 0.25 Hz. 
cyclic loading for 50 minutes and the electromyographic activity from the multifidus 
muscles of L1–L2 to L6–L7 lumbar levels were recorded. After a rest period of 2 
hours (twice as long as the loading duration), the laxity developed in the lumbar 
viscoelastic structures demonstrated only a partial recovery. The prolonged rest 
periods did not allow sufficient recovery of reflexive muscular activity. 
Solomonow et al. (2000) also studied the reflexive muscular activity after 
prolonged cyclic loading and the necessary rest period for recovery in the lumbar 
spine. After 50 minutes of cyclic loading at 0.25 Hz, a mean time of 7 hours was 
required for a full recovery of the multifidus muscles. Another important finding was 
that once the reflexive activity of the multifidus muscles recovered fully, some 
muscles became hyperexcitable, generating more electromyographic response to 
viscoelastic deformation than at the beginning of loading.  
Recently, Jackson et al. (2001) used a displacement-controlled method to 
determine the recovery of the tension-relaxation as well as the recovery of reflexive 
EMG activity in the multifidus after prolonged static flexion. They observed that 
prolonged static flexion results in fast exponential decrease of reflexive muscular 
activity, and that the recovery of the muscle activity with rest is characterized by an 
initial period of hyperexcitability, followed by a biexponential increase.  
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Overall, biomechanical testing of the spine can be done by using either load or 
displacement as the input stimulus, requiring certain assumptions (Goel et al., 1995). 
Each method has several advantages. It is possible to apply pure moments by using 
load as the input stimuli (Panjabi et al., 1977). As a result, the load magnitude does not 
change as a function of the spinal level (Panjabi et al., 1977). The applied load effects 
can be investigated according to the point of application and direction. The applied 
load is not distributed among the elements of the spinal segment. On the other hand, 
when displacement is used as the input stimuli, the magnitude of load varies along the 
spine segment, making it difficult to quantify the magnitude of the loads that are 
distributed among the spinal segment (Goel et al., 1995). 
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CHAPTER 3 - RATIONALE AND OBJECTIVES 
As summarized in previous section, displacement-controlled methods to 
determine the recovery of the tension-relaxation as well as the recovery of reflexive 
EMG activity in the multifidus, after a prolonged static flexion, have been 
experimented and analyzed. However, effects of constant load are still unknown. Such 
information is essential for optimal design of work/rest periods in occupational 
activities as well as sports. 
Therefore, the goal of this study is to evaluate the pattern of creep development 
and duration of its recovery in the lumbar ligament, as well as the multifidus muscles` 
reflexive activity of an in vivo feline preparation when subjected to static lumbar 
flexion of constant loads. In addition, lumbar displacement associated with creep and 
reflexive muscular activity behavior during static loading and the following recovery 
is mathematically described using a generalized model.  
Four different magnitudes of loads (20N, 30N, 50N, and 70N) are used in 
order to assess the effects of load magnitude on creep development and its recovery. 
The electrical activity in the muscles is measured by electromyography (EMG) by 
placing wire electrodes along the supraspinous ligament inside the multifidus muscle. 
It is important to mention that a feline model is used in this study. Although 
significant differences may exist between humans (biped, 5 lumbar vertebrae, gravity 
vector parallel to the spine) and cats (quadruped, 7 lumbar vertebrae, gravity vector 
perpendicular to the spine), the behavior of the viscoelastic laxity and the reflexive 
muscular activity is expected to be similar, since the neuromuscular system of the 
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feline and the human are similar (Field and Taylor, 1992). The scientific literature 
indicates that animal models are appropriate for the skeletal muscle investigations, and 
one advantage of using anesthetized animals is the ability to dissect involved muscle 
groups and to control the stimulation (Wirth and Cutlip, 2001). 
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CHAPTER 4 - METHODS AND PROCEDURE 
4.1 ELECTROMYOGRAPHY 
Electromyography (EMG), is the recording of the electrical activity associated 
with contracting muscle, by means of using surface electrodes, needle electrodes, or 
wire electrodes. Surface electrodes are adhered to the skin. They consist of a silver 
disc shaped detection surface. Needle electrodes are inserted through the skin into the 
muscle. An insulated wire passes through the needle. The tip of the needle is not 
insulated and serves as the detection surface. Wire electrodes consist of a small 
diameter, flexible, non-oxidizing insulated wire that is inserted into the muscle. Like 
needle electrodes, the tip of the wire is not insulated (Baratta and Solomonow, 1995). 
4.2 PREPARATION 
Twenty-seven adult cats (4.00±0.4) were used in this study. A single injection 
of chloralose (60 mg/kg) in a protocol approved by the Institutional Animal Care and 
Use Committee (IACUC) was used to anesthetize the cats. A booster injection was 
given whenever the depth of anesthesia was insufficient by testing eye reflexes (when 
cornea is touched, there should not be any blinking). Chloralose is chosen because it 
does not inhibit neuromuscular and reflex activities. The skin over the lumbar spine 
was dissected from the thoracic level to the sacral level and allowed to retract laterally 
to expose the dorsolumbar fascia. After dissection, the preparation was placed in a 
rigid stainless steel frame that allowed the isolation of various lumbar levels by 
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external fixation. A gauze pad soaked with saline was applied over the incision during 
the experiment to prevent the exposed tissue from drying. 
4.3 PROTOCOL 
Six pairs of stainless steel fine wire EMG electrodes were inserted through 
hypodermic needles into the multifidus muscles of the L1/L2, L2/L3 … L6/L7, on the 
right side, 5-6 mm from the midline. The wire electrodes were insulated except for a 
1-mm exposed tip and the interelectrode distance of each pair was 3-4 mm. A ground 
electrode was inserted into the cat’s gluteus muscle. Each electrode pair constituted 
the input to a differential amplifier of 110 dB common mode rejection ratio, a gain 
capability of up to 200,000, and a band pass filter of 6-500 Hz. EMG response from 
each channel was monitored on three different oscilloscopes and stored in the 
computer at a sampling rate of 1000 Hz. 
An “S” shaped stainless steel hook was inserted through the middle part of 
L4/L5 supraspinous ligament and connected to the vertical actuator of a Bionic 858 
Material Testing System (MTS, Inc., Minneapolis, MN). The load was applied and 
controlled by the MTS machine, which was instrumented with a computer controlled 
loading system. The load cell output of the Bionic 858 was also sampled into the 
computer along with the EMG data. 
Two external fixators were used to isolate the lumbar spine. One external 
fixator was applied to the L1 posterior spinal process; the other was applied to the L7 
process. The external fixation was intended to limit the elicited flexion to the lumbar 
spine and to prevent interaction of thoracic and sacral/pelvic structures. 
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4.4 PROCEDURE 
The stainless steel hook applied to the L4/L5 supraspinous ligament was pulled 
by the MTS machine from a resting position with a preload of 1 N applied just before 
the 20-minute static load application, immediately after the 20-minute static load 
period was terminated, and immediately after a 7 hours rest period. Vertical 
displacement (mm) at L4-L5 supraspinous ligament was measured by using MTS 
machine on each occasion while the load was reset to 1 N. Two short hypodermic 
needles were inserted into the spinous processes of L4 and L5. The length of the 
supraspinous ligament between these two needles was measured by using a digital 
electronic caliper immediately before and after the 20-minute load application and at 
the end of 7 hours rest period, while the tension was returned to zero and the load was 
reset to 1 N preload. The vertical displacement values at 1 N load and L4-L5 
supraspinous ligament length values were used to estimate the creep in the L4-L5 
supraspinous ligament. Electromyograms from the six multifidus muscles, load and 
displacement were recorded continuously during a 20-minute loading period. 
During the 7 hours of rest, 8sec tests were applied to assess vertical 
displacement and recovery of the electrical activity in the muscle. Tests were applied 
after 10-minutes of rest, 30-minutes of rest, 60-minutes and every hour thereafter. 
Each 8sec test (6 seconds linear increase in load to the maximal and 2 seconds 
constant load) was recorded in a 12sec window triggered by the computer at the 
appropriate time. 
The same protocol was used for each of the four different static loads of 20 N, 
30 N, 50 N, and 70 N using 5, 6, 4, and 7 preparations, respectively. The creep (at 20 
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min.) and residual strain (at the end of 7 hours recovery) values were calculated for 
each of the loads applied.  
In addition, five preparations were used as controls. In this control set the 
dissection, application of the external fixation, EMG electrodes, and S-shaped hook 
around the L4-L5 supraspinous ligament were performed as usual. However, the 
animals were not subjected to loads and were left undisturbed for the same period (20-
minutes, plus 7 hours). This was done to assure that the applied load was indeed the 
source of any neuromuscular disorder recorded. 
Figure 1 shows the feline spine, in which the external fixators at the L1 and L7 
processes isolate the whole lumbar segment. 
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Figure 1. Schematical representation of the experimental set-up, showing the lumbar 
spine with the external fixation and the loading apparatus. Ex-Fix: external fixator. 
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Static load applied to the spine, 1.5-second windows of electromyogram, and 
vertical displacement of L4/L5 supraspinous ligament were sampled immediately at 
the beginning of the loading period, and every 20 seconds thereafter for the 20-minute 
loading time continuously, as well as for the recovery period. Each electromyogram 
sample was integrated over the 1.5-second window, and normalized by dividing the 
1.5-second integrated value by the value obtained from the first window. The 
normalized integrated EMG (NIEMG) of all the preparations subjected to the same 
static load at the respective window was pooled, and the mean and standard deviation 
was calculated and plotted on a NIEMG versus time plot for each of the preparations. 
Displacements of the respective window of all preparations were pooled, and 
the mean and standard deviation was calculated and plotted as a displacement versus 
time plot. 
The measurements of the supraspinous ligament length at 1.0 N preload before 
and immediately after the 20 min. load was applied and immediately after the 7 hours 
recovery period and the associated vertical displacement of the supraspinous ligament, 
were used to calculate the creep and residual creep in the ligament by using Equation 1 
and 2: 
22
2
12 VdLoLf +


=                                 (1) 
%100×−=
Lo
LoLfCreep                                       (2) 
Where Lo is the distance between the two hypodermic needles inserted into L4 
and L5 processes, Vd is the vertical displacement of the lumbar spine. Lf is the final 
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length of the supraspinous ligament at 1 N load. The calculation parameters are 
schematically presented in Figure 2. 
S Shaped Hook
L- 4 Vd
Dorsal Process L - 5
1/2 Lo Dorsal Process
Lo
1/2 Lf
 
Figure 2. Schematic representation of creep and residual creep calculation. 
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CHAPTER 5 - RESULTS 
In general, the recorded data demonstrated that the EMG activity decreased 
gradually during the 20-minute loading period for all the preparations exposed to 
different loads. Electromyogram spasm with various amplitudes and frequencies 
occurred in different lumbar levels regardless of the load magnitude.  
Figures 3, 4, 5, and 6 show typical EMG responses from each of the 6 channels 
as well as tension and displacement for the 20-minute loading period and 7 hours of 
recovery for 4 different preparations subjected to 20N, 30N, 50N, and 70N, 
respectively.  
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Figure 3. EMG responses from each of the 6 channels as well as tension and 
displacement for the 20-minute loading period and 7 hours of recovery for a 
preparation subjected to 20N 
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Figure 4. EMG responses from each of the 6 channels as well as tension and 
displacement for the 20-minute loading period and 7 hours of recovery for a 
preparation subjected to 30N 
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Figure 5. EMG responses from each of the 6 channels as well as tension and 
displacement for the 20-minute loading period and 7 hours of recovery for a 
preparation subjected to 50N 
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Figure 6. EMG responses from each of the 6 channels as well as tension and 
displacement for the 20-minute loading period and 7 hours of recovery for a 
preparation subjected to 70N 
 
EMG responses from each of the six lumbar levels as well as tension and 
displacement during the 20-minute loading period and 7-hour recovery period for each 
of the preparation and their normalized integrated EMG (NIEMG) graphs are 
presented in Appendix A, B, C, and D for 20N, 30N, 50N, and 70N, respectively.   
Typical displacement patterns demonstrated an exponential increase during the 
20 minutes loading period. During the recovery, the peak displacement gradually 
decreased demonstrating that the viscoelastic tissues were recovering towards their 
resting dimensions.  
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5.1 EMG RESPONSES 
5.1.1 20 N Loading 
Five preparations were exposed to a 20 N static loading. The mean NIEMG 
values of the multifidus muscles of the 5 preparations demonstrate an exponential 
decrease for the six lumbar levels over the 20–minute loading period decreasing to 98, 
97, 69, 61, 71 and 84 percent of the initial EMG for L1/L2, L2/L3, L3/L4, L4/L5, 
L5/L6, and L6/L7, respectively. Spasms were present throughout the 20-minute 
loading period. They appeared in each preparation at random variable magnitudes and 
frequencies. At the end of the first 10-minute recovery period, the mean NIEMG 
values of the multifidus muscles demonstrated increases to 100, 101, 91, 94, 105, and 
90 percent of their initial value for L1/L2, L2/L3,…, L6/L7, respectively. There was 
transient hyperexcitability in the first 30 minutes of recovery in all lumbar levels. 
After 7 hours of rest the mean NIEMG values gradually increased to 156, 197, 195, 
220, 225, and 171 percent for L1/L2, L2/L3,…, L6/L7 lumbar levels, respectively. 
Table 1 provides the mean NIEMG values during the 20-minute loading and 7-hour 
recovery period for the group exposed to 20 N static loading. Figures 7 shows the 
mean NIEMG values during the 20-minute loading period and 7-hour recovery period 
for all lumbar levels and the displacement in L4/L5 lumbar segment for the group 
exposed to 20 N static loading. 
 
 
 
 
 28
Table 1. The Mean NIEMG Values for the Group Subjected to 20 N Static Loading 
Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD
0 min 1.00 0.00 1.00 0.00 1.00 0.00 1.00 0.00 1.00 0.00 1.00 0.00
1 min 0.97 0.18 1.03 0.05 0.82 0.24 0.98 0.19 0.82 0.18 1.03 0.27
2 min 1.03 0.27 0.99 0.07 0.74 0.34 0.78 0.37 0.75 0.29 1.31 0.94
3 min 0.95 0.18 0.99 0.06 0.71 0.34 0.74 0.37 0.75 0.29 1.18 0.54
4 min 0.96 0.17 0.99 0.07 0.71 0.35 0.70 0.34 0.80 0.40 0.91 0.29
5 min 1.02 0.27 1.00 0.12 0.70 0.36 0.67 0.31 0.73 0.28 0.98 0.40
6 min 0.99 0.22 0.99 0.10 0.69 0.37 0.66 0.31 0.72 0.26 0.91 0.28
7 min 0.96 0.18 0.97 0.08 0.68 0.37 0.66 0.30 0.72 0.26 1.04 0.55
8 min 0.97 0.20 0.95 0.08 0.69 0.37 0.66 0.31 0.73 0.27 0.98 0.41
9 min 1.19 0.36 0.98 0.09 0.69 0.37 0.65 0.30 0.73 0.27 0.96 0.38
10 min 1.04 0.05 1.00 0.12 0.68 0.37 0.67 0.29 0.73 0.25 0.99 0.41
11 min 1.63 1.27 0.97 0.07 0.69 0.37 0.66 0.30 0.73 0.26 0.95 0.34
12 min 1.10 0.11 0.98 0.08 0.68 0.37 0.68 0.30 0.75 0.26 1.08 0.63
13 min 1.01 0.07 0.97 0.08 0.69 0.37 0.66 0.30 0.72 0.27 0.87 0.25
14 min 1.01 0.05 1.25 0.39 0.69 0.36 0.66 0.31 0.72 0.27 0.87 0.24
15 min 1.31 0.64 0.99 0.12 0.68 0.37 0.66 0.31 0.78 0.28 1.06 0.50
16 min 0.97 0.12 1.03 0.17 0.68 0.36 0.67 0.27 0.74 0.26 0.98 0.34
17 min 1.00 0.04 0.96 0.08 0.68 0.37 0.65 0.30 0.72 0.28 0.96 0.38
18 min 0.95 0.17 1.02 0.14 0.68 0.37 0.65 0.30 0.71 0.27 0.91 0.31
19 min 0.95 0.18 0.99 0.12 0.69 0.37 0.66 0.31 0.71 0.27 0.87 0.23
20 min 0.98 0.01 0.97 0.08 0.69 0.37 0.61 0.28 0.71 0.27 0.84 0.23
30 min 1.00 0.25 1.01 0.04 0.91 0.25 0.94 0.27 1.05 0.74 0.90 0.23
50 min 0.92 0.15 0.98 0.05 0.80 0.24 0.84 0.32 0.76 0.25 0.88 0.23
80 min 0.96 0.04 1.00 0.02 0.88 0.24 0.84 0.44 0.73 0.29 0.89 0.24
140 min 0.93 0.10 0.99 0.07 0.80 0.27 0.93 0.61 0.72 0.23 0.94 0.31
200 min 0.97 0.06 0.97 0.06 0.89 0.20 1.02 0.43 0.74 0.22 0.95 0.28
260 min 1.11 0.18 1.04 0.11 1.21 0.37 1.56 0.80 0.93 0.46 0.99 0.23
320 min 1.29 0.65 1.23 0.52 1.45 0.56 1.73 0.77 1.33 0.57 1.02 0.24
380 min 1.42 0.80 1.75 1.57 1.77 0.95 2.01 1.19 1.50 0.54 1.20 0.43
440 min 1.56 1.24 1.97 1.91 1.95 1.01 2.20 1.14 2.25 0.57 1.71 0.95
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Figure 7. The mean NIEMG values during the 20-minute loading period and 7-hour 
recovery period for all lumbar levels and the displacement in L4/L5 lumbar segment 
for 20N (N=number of preparations) 
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5.1.2 30 N Loading 
Six preparations were exposed to a 30 N static load. The recorded data 
demonstrated that the EMG activity decreased throughout the loading period. The 
mean NIEMG values of the multifidus muscles of the 6 preparations demonstrate an 
exponential decrease for the six lumbar levels during the 20–minute loading period, 
decreasing to 94, 61, 38, 38, 42, and 61 percent of the initial EMG for L1/L2, 
L2/L3,…, L6/L7, respectively. For L1/L2 level, the mean NIEMG values continued 
increasing for the first 9 minutes of the 20 minutes static loading period, and 
eventually decreased to 94 percent of it is initial value. The mean NIEMG values for 
the L6/L7 level were similar to L1/L2, increased within the first 3 minutes, and started 
decreasing in an exponential fashion. Spasms were observed in each of the 
preparations during the 20-minute loading period. In the recovery period, there was a 
transitory hyperexcitability during the first hour of recovery. The mean NIEMG values 
of the multifidus muscles increased to 102, 96, 81, 100, 112, and 126 percent of the 
initial value for L1/L2, L2/L3,…, L6/L7, respectively within the first 10 minutes of 
recovery then decreased. At the end of the 7–hours rest period, the mean NIEMG 
values of multifidus muscles gradually increased to 110, 219, 139, 143, 176, and 242 
percent of their initial values for L1/L2, L2/L3,…, L6/L7, respectively. Spasms 
occurred randomly in each of the lumbar levels without any possible to establish a 
pattern or timing. Table 2 provides the mean NIEMG values during the 20-minute 
loading and 7-hour recovery period for the group exposed to 30 N static loading. 
Figures 8 shows the mean NIEMG values during the 20-minute loading period and 7-
 31
hour recovery period for all lumbar levels and the displacement in L4/L5 lumbar 
segment for the group exposed to 30 N static loading. 
Table 2. The Mean NIEMG Values for the Group Subjected to 30 N Static Loading 
Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD
0 min 1.00 0.00 1.00 0.00 1.00 0.00 1.00 0.00 1.00 0.00 1.00 0.00
1 min 1.22 0.46 0.89 0.20 0.83 0.27 0.80 0.29 0.73 0.21 0.93 0.16
2 min 1.05 0.10 0.82 0.22 0.75 0.32 0.71 0.32 0.55 0.25 1.27 1.17
3 min 1.06 0.27 0.83 0.24 0.70 0.28 0.67 0.30 0.62 0.29 2.82 3.57
4 min 1.09 0.31 0.78 0.27 0.62 0.27 0.64 0.32 0.55 0.32 1.15 0.46
5 min 1.30 0.85 0.83 0.32 0.55 0.24 0.57 0.33 0.48 0.30 0.88 0.38
6 min 1.00 0.13 0.78 0.27 0.54 0.28 0.57 0.35 0.49 0.34 0.88 0.37
7 min 1.01 0.20 0.88 0.39 0.45 0.30 0.47 0.35 0.40 0.25 0.98 0.58
8 min 3.26 5.63 0.74 0.24 0.43 0.31 0.44 0.37 0.38 0.25 0.90 0.45
9 min 4.44 8.56 0.86 0.56 0.53 0.35 0.43 0.35 0.34 0.21 0.89 0.42
10 min 1.13 0.53 0.68 0.27 0.39 0.28 0.42 0.37 0.35 0.22 0.93 0.48
11 min 1.10 0.53 0.65 0.25 0.36 0.30 0.40 0.36 0.35 0.21 0.93 0.49
12 min 1.04 0.42 0.63 0.24 0.34 0.31 0.39 0.35 0.34 0.21 1.13 0.82
13 min 1.10 0.49 0.62 0.26 0.54 0.53 0.37 0.36 0.32 0.20 0.83 0.36
14 min 2.57 4.14 1.06 1.15 0.38 0.27 0.39 0.37 0.33 0.20 0.85 0.38
15 min 1.06 0.44 0.62 0.26 0.33 0.32 0.38 0.37 0.33 0.21 0.91 0.48
16 min 4.25 8.19 1.45 2.10 0.33 0.31 0.37 0.38 0.35 0.23 0.92 0.49
17 min 3.02 5.08 0.93 0.87 0.33 0.32 0.37 0.38 0.34 0.22 0.81 0.34
18 min 1.05 0.25 0.63 0.25 0.34 0.31 0.39 0.37 0.33 0.20 1.00 0.62
19 min 4.64 9.06 0.66 0.26 0.42 0.29 0.38 0.40 0.35 0.24 0.82 0.32
20 min 0.94 0.09 0.61 0.27 0.38 0.29 0.38 0.37 0.42 0.23 0.61 27.38
30 min 1.02 0.07 0.96 0.32 0.81 0.19 1.00 0.36 1.12 0.35 1.26 0.64
50 min 0.97 0.11 0.86 0.26 0.70 0.18 0.84 0.30 0.94 0.34 1.14 0.32
80 min 0.90 0.15 0.81 0.27 0.66 0.19 0.73 0.24 0.80 0.36 1.05 0.15
140 min 0.95 0.20 1.00 0.33 0.86 0.25 0.88 0.33 1.02 0.55 1.38 0.56
200 min 0.96 0.22 1.08 0.33 1.04 0.24 1.05 0.28 1.22 0.41 1.51 0.49
260 min 1.26 0.54 1.51 0.57 1.41 0.32 1.32 0.28 1.45 0.41 1.77 0.91
320 min 1.04 0.26 1.50 0.70 1.40 0.34 1.24 0.34 1.50 0.43 1.95 1.46
380 min 1.34 0.43 1.95 0.81 1.44 0.26 1.35 0.41 1.59 0.45 2.16 1.15
440 min 1.10 0.41 2.19 1.25 1.39 0.25 1.43 0.61 1.76 0.65 2.42 1.18
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Figure 8. The mean NIEMG values during the 20-minute loading period and 7-hour 
recovery period for all lumbar levels and the displacement in L4/L5 lumbar segment 
for 30N (N=number of preparations) 
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5.1.3 50 N Loading 
Four preparations were subjected to a 50 N static load. The mean NIEMG 
values of the multifidus muscles of the four preparations demonstrate an exponential 
decrease for the six lumbar levels for the 20–minute loading period, reaching 61, 52, 
45, 25, 46, and 77 percent of their initial values. Spasms were observed in each 
preparation throughout the loading period. A transitory hyperexcitability lasting to the 
end of the first hour of recovery for all six lumbar levels were present. At the end of 
the first 10-minute of the recovery period, the mean NIEMG values peaked at 83, 124, 
147, 175, 354, and 254 percent of the initial value for L1/L2, L2/L3, …, L6/L7 lumbar 
levels, respectively. The mean NIEMG values of the multifidus muscles then 
decreased, followed by gradual increase to 157 percent of its initial value for L2/L3, 
and 196, 180, 272, and 259 percent of its initial value for L3L4, L4/L5, L5/L6, and 
L6/L7, respectively. For L1/L2 lumbar level, the mean NIEMG value of the multifidus 
muscle decreased to 85 percent of its initial value at the end of the 7–hour recovery. 
Table 3 provides the mean NIEMG values during the 20-minute loading and 7-hour 
recovery period for the group exposed to 50 N static loading. Figures 9 shows the 
mean NIEMG values during the 20-minute loading period and 7-hour recovery period 
for all lumbar levels and the displacement in L4/L5 lumbar segment for the group 
exposed to 50 N static loading.  
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Table 3. The Mean NIEMG Values for the Group Subjected to 50 N Static Loading 
Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD
0 min 1.00 0.00 1.00 0.00 1.00 0.00 1.00 0.00 1.00 0.00 1.00 0.00
1 min 0.71 0.31 1.04 0.27 1.17 0.41 0.91 0.10 0.92 0.22 2.21 2.42
2 min 0.86 0.69 1.01 0.37 1.03 0.37 0.83 0.30 1.04 0.54 2.59 1.31
3 min 6.50 9.87 2.96 2.97 0.91 0.44 0.69 0.23 0.68 0.37 1.69 1.22
4 min 1.81 2.81 0.92 0.27 0.82 0.45 0.47 0.31 1.16 1.40 2.29 2.55
5 min 0.90 1.00 0.74 0.31 0.61 0.29 0.39 0.31 0.88 0.84 0.89 0.52
6 min 0.58 0.53 0.73 0.26 0.60 0.30 0.41 0.33 0.54 0.33 2.60 3.67
7 min 0.58 0.55 0.68 0.31 0.57 0.29 0.37 0.30 0.60 0.40 0.83 0.76
8 min 0.61 0.55 0.69 0.27 0.55 0.33 0.35 0.28 0.83 0.74 0.99 0.83
9 min 0.61 0.52 0.75 0.34 0.56 0.33 0.38 0.32 1.17 1.17 1.52 1.09
10 min 0.75 0.78 0.73 0.37 0.56 0.33 0.33 0.27 0.88 0.76 1.00 0.67
11 min 0.96 1.18 0.91 0.64 0.52 0.32 0.31 0.25 0.91 0.67 1.97 2.70
12 min 0.54 0.53 0.63 0.31 0.50 0.33 0.28 0.23 0.79 0.58 1.30 0.84
13 min 0.75 0.89 1.46 1.95 0.98 1.30 0.27 0.20 0.55 0.37 0.85 0.59
14 min 7.78 14.77 1.01 1.08 0.48 0.35 0.28 0.21 0.59 0.50 1.15 1.18
15 min 2.09 3.53 0.79 0.70 0.45 0.33 0.28 0.22 0.49 0.32 2.18 3.39
16 min 1.09 1.52 0.65 0.37 0.47 0.32 0.32 0.26 0.64 0.43 1.37 1.72
17 min 0.90 1.23 0.66 0.49 0.47 0.35 0.34 0.28 0.77 0.61 1.31 1.47
18 min 0.54 0.58 0.55 0.31 0.45 0.34 0.27 0.19 0.58 0.45 0.97 1.21
19 min 0.64 0.80 0.54 0.29 0.46 0.35 0.26 0.20 0.43 0.27 0.79 0.82
20 min 0.61 0.77 0.52 0.27 0.45 0.33 0.25 0.20 0.46 0.33 0.77 0.61
30 min 0.83 0.82 1.24 0.55 1.47 0.85 1.75 0.87 3.54 2.82 2.54 1.20
50 min 0.75 0.73 1.01 0.42 1.17 0.52 1.32 0.61 2.61 1.87 1.74 0.83
80 min 0.73 0.68 0.96 0.40 1.07 0.59 1.15 0.48 2.50 1.83 1.35 0.75
140 min 0.69 0.54 1.02 0.33 1.25 0.71 1.33 0.84 2.61 2.47 1.62 1.52
200 min 0.76 0.56 1.21 0.20 1.54 1.21 1.54 0.77 2.64 2.08 1.47 0.69
260 min 0.75 0.53 1.26 0.21 1.57 1.31 1.64 0.91 2.55 1.86 1.60 0.83
320 min 0.81 0.51 1.42 0.17 1.81 1.65 1.73 1.04 2.61 1.92 1.83 0.91
380 min 0.82 0.50 1.47 0.18 1.79 1.66 1.70 0.97 2.57 1.90 1.87 0.93
440 min 0.85 0.48 1.57 0.29 1.96 1.75 1.80 1.16 2.72 2.02 2.59 1.60
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Figure 9. The mean NIEMG values during the 20-minute loading period and 7-hour 
recovery period for all lumbar levels and the displacement in L4/L5 lumbar segment 
for 50N (N=number of preparations) 
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5.1.4 70 N Loading 
Seven preparations were subjected to a 70 N static load. The mean NIEMG 
values of the multifidus muscles of the seven preparations demonstrate an exponential 
decrease for L1/L2, L2/L3, L3/L4, L4/L5, L5/L6, and L6/L7 lumbar levels during the 
20-minute loading period, reaching to 48, 56, 38, 32, 42, and 33 percent of their initial 
values, respectively. Spasms were present in each preparation during the 20-minute 
static loading period. In the recovery period, there was a transitory hyperexcitability 
from the first 30 minutes of the recovery period to the end of the first hour of recovery 
for each of the lumbar levels. At the end of the 10–minute recovery period, the mean 
NIEMG values peaked at 75, 105, 109, 122, 108, and 89 percent for L1/L2, L2/L3, …, 
L6/L7 lumbar levels, respectively. At the end of the 7-hour recovery, the mean 
NIEMG values of the multifidus muscles increased to 193, 237, 133, 139, 128, and 
209 percent of their initial values for L1/L2, L2/L3, …, L6/L7, respectively. Table 4 
provides the mean NIEMG values during the 20-minute loading and 7-hour recovery 
period for the group exposed to 70 N static loading. Figures 10 shows the mean 
NIEMG values during the 20-minute loading period and 7-hour recovery period for all 
lumbar levels and the displacement in L4/L5 lumbar segment for the group exposed to 
20 N static loading. 
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Table 4. The Mean NIEMG Values for the Group Subjected to 70 N Static Loading 
Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD
0 min 1.00 0.00 1.00 0.00 1.00 0.00 1.00 0.00 1.00 0.00 1.00 0.00
1 min 1.45 0.97 0.93 0.22 0.87 0.15 0.77 0.22 0.83 0.18 0.88 0.42
2 min 1.46 0.77 0.85 0.36 0.73 0.11 0.68 0.15 0.71 0.24 0.56 0.37
3 min 1.02 0.53 0.73 0.34 0.64 0.10 0.51 0.14 0.60 0.26 0.45 0.31
4 min 1.49 2.00 0.73 0.48 0.57 0.19 0.48 0.21 0.55 0.28 0.44 0.30
5 min 0.61 0.36 0.80 0.66 0.55 0.23 0.49 0.24 0.54 0.28 0.39 0.30
6 min 0.52 0.34 0.58 0.33 0.52 0.27 0.45 0.19 0.53 0.27 0.39 0.31
7 min 0.65 0.38 0.61 0.36 0.50 0.29 0.44 0.19 0.50 0.29 0.37 0.30
8 min 1.24 2.03 0.60 0.42 0.50 0.41 0.44 0.24 0.52 0.30 0.37 0.31
9 min 1.07 1.45 0.57 0.36 0.47 0.35 0.44 0.21 0.53 0.30 0.35 0.30
10 min 0.63 0.67 0.56 0.40 0.50 0.44 0.42 0.20 0.51 0.31 0.39 0.40
11 min 0.87 0.95 0.54 0.40 0.44 0.39 0.44 0.28 0.49 0.31 0.60 0.92
12 min 0.58 0.44 0.58 0.45 0.45 0.41 0.43 0.28 0.51 0.30 0.38 0.32
13 min 0.51 0.41 0.74 0.74 0.44 0.40 0.41 0.24 0.47 0.31 0.36 0.32
14 min 3.62 7.71 0.71 0.70 0.44 0.40 0.38 0.21 0.49 0.30 0.34 0.32
15 min 0.69 0.71 0.52 0.42 0.39 0.34 0.37 0.22 0.45 0.33 0.33 0.33
16 min 0.76 0.97 0.53 0.45 0.41 0.36 0.36 0.23 0.46 0.31 0.36 0.35
17 min 0.80 1.15 0.57 0.56 0.44 0.44 0.38 0.24 0.48 0.33 0.33 0.30
18 min 0.48 0.42 0.50 0.44 0.39 0.34 0.35 0.19 0.45 0.32 0.34 0.31
19 min 0.56 0.58 0.51 0.48 0.42 0.39 0.35 0.21 0.44 0.31 0.34 0.32
20 min 0.48 0.43 0.56 0.53 0.38 0.30 0.32 0.16 0.42 0.30 0.33 0.31
30 min 0.74 0.38 1.05 0.46 1.09 0.24 1.22 0.18 1.08 0.09 0.89 0.51
50 min 0.68 0.36 0.96 0.42 0.95 0.24 1.02 0.23 0.98 0.21 0.72 0.40
80 min 0.68 0.39 0.82 0.40 0.79 0.29 0.79 0.21 0.80 0.26 0.56 0.35
140 min 0.78 0.40 0.97 0.37 0.88 0.34 0.87 0.20 0.91 0.24 0.68 0.37
200 min 0.98 0.47 1.17 0.59 1.05 0.49 1.03 0.26 1.06 0.20 0.93 0.51
260 min 1.39 0.51 1.79 0.95 1.12 0.49 1.11 0.14 1.19 0.21 1.19 0.82
320 min 1.75 0.56 1.94 0.89 1.09 0.35 1.18 0.08 1.31 0.37 1.39 1.13
380 min 1.69 0.66 2.23 1.32 1.27 0.59 1.32 0.11 1.25 0.25 2.01 1.38
440 min 1.93 0.92 2.37 0.99 1.33 0.60 1.39 0.17 1.28 0.28 2.09 1.23
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Figure 10. The mean NIEMG values during the 20-minute loading period and 7-hour 
recovery period for all lumbar levels and the displacement in L4/L5 lumbar segment 
for 70N (N=number of preparations) 
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5.2 SUPRASPINOUS LIGAMENT CREEP 
The L4/L5 supraspinous ligament creep at the end of the 20-minute static 
loading period and at the end of 7 hours recovery, as calculated from equations (1) and 
(2), is shown in Table 5.  
Table 5. The L4/L5 Supraspinous Ligament Creep at the End of the 20-min Loading 
and at the End of 7-hour Recovery 
Load (N) Mean Creep @ the End of 20 Minutes
Mean Creep @ the 
End of 7 Hours Recovery
20 N 6.01 ± 1.52 % 4.38 ± 2.00 % 27.1%
30 N 12.37 ± 5.40 % 6.98 ± 4.90 % 43.6%
50 N 13.10 ± 5.07 % 5.65 ± 2.00 % 56.9%
70 N 22.25 ± 3.60 % 7.48 ± 6.70 % 66.4%
 
For the preparations subjected to 20 N load, the supraspinous ligament length 
was 6.01 (±1.52) percent longer at the end of the 20-minute loading period and then 
recovered to 4.38 (±2.00) percent over its resting length after the 7 hours recovery, a 
decrease of 27.1 percent. 
Similarly, the preparations subjected to 30 N, 50 N, and 70 N of static loading, 
exhibit gradually increasing mean creep values of 12.37 (±5.4), 13.1 (±5.07), and 
22.25 (±3.6) percent, respectively. After 7 hours of rest, the residual creep in the 
L4/L5 supraspinous ligaments recovered by 43.6, 56.9, and 66.4 percent, for the 30 N, 
50 N, and 70 N groups, respectively. At the end of the 7-hour rest period, the 
supraspinous ligament recovered to 6.98 (±4.9), 5.65 (±2.00), and 7.48 (±6.7) percent 
over their resting length for the groups of 30 N, 50 N, and 70 N respectively. Larger 
recovery was seen for preparations exposed to larger loads. The residual creep after 
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rest was, in general, larger for higher loads. A residual creep of 4.38 (±2.00) percent 
was present in the group subjected to 20 N load, whereas 7.48 (±6.7) percent residual 
creep was present in the group subjected to 70 N load. 
Full recovery of the creep in the L4/L5 supraspinous ligament was not 
observed in any of the preparations, indicating that 7 hours of rest is not sufficient to 
allow full recovery of the creep developed in 20 minutes of static flexion. 
5.3 LUMBAR SPINE VERTICAL DISPLACEMENT 
Figure 11 shows the mean displacement values throughout the 20-minute static 
loading period and 7-hour recovery period for each of the four loads applied to the 
spine. Table 6 provides the initial mean vertical displacement, mean displacement at 
the end of the 20-minute loading period and at the end of the 7-hour recovery period 
for each of the four intensities of load. 
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Figure 11. The Mean Displacement throughout the 20-minute Static Loading Period 
and 7-hour Recovery Period. 
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Table 6. The Initial Mean Vertical Displacement, Mean Displacement at the End of 
20-minute Loading and in the Seventh Hour of Recovery for Each of the Four Load 
Intensities. 
Mean SD Mean SD Increase from Initial Mean SD 
Increase 
from Initial
20 N 7.78 1.12 12.10 1.43 55.53 % 9.76 1.37 25.45 %
30 N 9.24 1.34 15.50 2.66 67.75 % 11.10 1.25 20.13 %
50 N 13.19 2.61 20.76 2.66 57.39 % 16.59 1.04 25.78 %
70 N 15.98 3.15 26.45 3.22 65.52 % 21.16 3.18 32.42 %
Initial Displacement 
(mm)
LOAD
Displacement @ End of 20-Min. 
(mm)
Displacement @ End of 7-Hours 
(mm)
 
The displacement increased exponentially throughout the 20-minute static 
loading period. The mean initial vertical displacement was 7.78 (±1.12) mm, 9.24 
(±1.34) mm, 13.19 (±2.61) mm, and 15.98 (±3.15) mm for the groups exposed to 20 
N, 30 N, 50 N, and 70 N of static loading, respectively. 
The mean initial vertical displacement increased by 55.53 percent to 12.10 
(±1.43) mm for the group subjected to 20 N. At the end of the 7-hour recovery period, 
the residual displacement was 9.76 (±1.37) mm, 25.45 percent over its initial length. 
For the preparations exposed to 30 N static load, the mean displacement at the 
end of the 20-minutes flexion was 15.50 (±2.66) mm, a 67.75 percent increase from 
the initial value. After 7 hours of rest, the residual displacement was 11.10 (±1.25) 
mm, 20.13 percent over its initial length. 
For the preparations exposed to 50 N static load, the mean displacement at the 
end of the 20-minutes flexion was 20.76 (±2.66) mm, a 57.39 percent increase from 
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the initial value. After 7 hours of rest, the residual displacement was 16.59 (±1.04) 
mm, 25.78 percent over its initial length. 
 The mean initial vertical displacement increased by 65.52 percent to 26.45 
(±3.22) mm for the group of preparations subjected to 70 N. At the end of the 7-hour 
recovery period, the residual displacement was 21.16 (±3.18) mm, 32.42 percent over 
its initial length. 
In general, larger loads elicited larger initial vertical displacement, and yet the 
load magnitude did not affect the percent increase in the vertical displacement at the 
end of the 20-minute static loading period, as well as the residual displacement. This 
result suggests that static loads, even at low magnitudes are a risk factor for 
musculoskeletal disorders. Complete recovery of the vertical displacement to its initial 
value was not observed in any of the preparations. 
5.4 STATISTICAL ANALYSIS 
In order to determine if the applied load and time are the statistically 
significant factors for the changes in the displacement in L4/L5 supraspinous ligament 
as well as the change in electrical activity in all the six lumbar levels, a multivariate 
analysis of variance was performed. The SAS Statistical Analysis System Release 8.01 
was used to analyze the collected data. A PROC MIXED procedure was applied since 
it provides a variety of covariance structures such as random-effects parameters, 
which are additional unknown random variables assumed to influence the variability 
of the data. In this case, each preparation is considered as the random-effect 
parameter. Load and time factors are considered as fixed effects. Load, time, and 
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load*time effects were tested. Summary of the results obtained for the 20-minute 
loading period for all the six lumbar levels are presented in Table 7. Table 8 presents 
the summary of the analysis of variance for the 7-hour recovery period for all the six 
lumbar levels. The load, time, and load*time effects on the displacement in L4/L5 
supraspinous ligament is summarized in Table 9. 
Table 7. F values and Pr>F values obtained for the 20-minute loading period for all 
the six lumbar levels 
F Value Pr > F F Value Pr > F F Value Pr > F F Value Pr > F F Value Pr > F F Value Pr > F
Load 1.56 0.2345 1.15 0.3557 0.92 0.1195 1.76 0.1912 3.30 0.0440 1.34 0.2930
Time 1.63 0.0443 2.14 0.0032 3.55 < .0001 8.45 < .0001 3.05 < .0001 0.74 0.7873
Load * Time 0.92 0.6425 1.58 0.0065 1.00 0.4880 1.05 0.3773 1.51 0.0124 0.91 0.6659
Tested Efects
L3/L4 L4/L5 L5/L6 L6/L7L1/L2 L2/L3
 
Table 8. F values and Pr>F values obtained for the 7-hour recovery period for all the 
six lumbar levels 
F Value Pr > F F Value Pr > F F Value Pr > F F Value Pr > F F Value Pr > F F Value Pr > F
Load 0.45 0.7189 0.02 0.9953 0.80 0.512 1.63 0.2168 5.70 0.0063 1.39 0.2767
Time 2.22 0.0231 7.42 < .0001 11.87 < .0001 20.08 < .0001 15.03 < .0001 0.51 0.8644
Load * Time 1.10 0.3478 1.06 0.3955 1.55 0.0512 1.97 0.0053 3.20 < .0001 0.86 0.6695
L3/L4 L4/L5 L5/L6 L6/L7
Tested Efects
L1/L2 L2/L3
 
Table 9. F values and Pr>F values obtained for the 20-minute loading period and 7-
hour recovery period for the vertical displacement in L4/L5 supraspinous ligament 
F Value Pr > F F Value Pr > F
Load 35.64 < .0001 9.66 0.0005
Time 136.47 < .0001 4.04 0.0001
Load * Time 7.61 < .0001 0.87 0.6532
Tested Efects
Displacement @ 20-min Loading 
Period
Displacement @ 7-hour Recovery 
Period
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Based on the results of the statistical analysis, time is the most effective factor 
for the changes in the electrical activity in most of the lumbar levels during the 20-
minute loading period and 7-hour recovery period as it can be observed from the Pr>F 
values in Table 7 and Table 8. This result was expected since it is known that the 
recovery behavior of the electrical activity is time dependent (Gedalia et al., 1999). On 
the other hand, although load magnitude seems to have significant effects on the 
electrical activity changes during the 20-minute loading period, it is not the major 
effect for the changes in electrical activity for the 7-hour rest period. This shows that 
after a static load is applied, the disorder caused by the loading is not dependent on the 
load magnitude. 
Load, time and load*time have significant effects on the vertical displacement 
of L4/L5 supraspinous ligament (Pr<F values: Load=<.0001, Time=<.0001, 
Load*Time=<.0001) in the 20-minute loading period. Load and time proved to be the 
major effects on vertical displacement during the 7-hour recovery period as well (Pr<F 
values: Load=0.0005, Time=0.0001).     
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CHAPTER 6 - MODEL DEVELOPMENT 
An exponential model was chosen as it represents the classical response of 
viscoelastic materials to loads and/or elongation. The pooled NIEMG data of the six 
lumbar levels from the multifidus muscle as well as the displacement recorded from 
the load cell were fitted to the model, in the form of exponential functions.  The model 
structure for NIEMG and actuator displacement in the loading period is similar to the 
ones developed by Solomonow et al. (2000) and Jackson et al. (2001), which takes the 
form shown in Equation (3) and Equation (4). For the NIEMG: 
( ) oT
t
t NIEMGAeNIEMG +=
−
1                          (3) 
Where, 
=A Exponential component initial amplitude 
=1T Exponential decay rate constant 
=oNIEMG Steady state NIEMG amplitude 
=t Time 
The displacement followed an exponential model as follows: 
( ) 


−+=
−
21 T
t
Lot eDDDisp           (4) 
Where, 
( ) =tDisp Actuator vertical displacement as a function of time 
=oD Elastic component of displacement 
=LD Visco-elastic component amplitude 
 46
=2T Time constant 
=t Time 
Similarly, exponential models were chosen to describe the NIEMG and 
displacement during the 7 hours recovery period. These models are presented in 
Equation (5) and Equation (6). For displacement, the model was as follows: 
( ) 3T
t
Rct eDDDisp
−
+=            (5) 
Where, 
=CD Displacement at the end of the 20-minute loading period 
=RD Recovery of the creep after 7 hours of rest 
=3T Recovery time constant 
In their previous study about recovery from cyclic loading, Gedalia et al. 
(1999) used a bi-exponential model for recovery that was composed of two 
exponential components (including two separate time constants), and a residual. The 
two exponential components consisted of a fast component and a slow component, 
which are time dependent. However, in their experiments they did not observe any 
hyperexcitability period. Most recently, in their study on tension-relaxation 
(displacement controlled method), Jackson et al. (2001) added a third component to 
this structure to describe the initial transient hyperexcitability phenomena, where the 
NIEMG values exhibited large initial increase at the beginning of the rest period, 
which was followed by minor decrease.  
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In this study, similar model structure is used for the NIEMG values in the 7-
hour recovery period considering a second hyperexcitability period. The model format 
was: 
( ) ( )
( )
o
T
Tt
d
T
t
T
t
t NIEMGeTtCtBeeENIEMG
d
+−++


−=
−−
−−
6541      (6) 
Where, 
=


−
−
41 T
t
eE The steady state recovery component 
=
−
5T
t
tBe Transient hyperexcitability component 
( ) ( ) =− −− 6TTtd
d
eTtC Delayed transient hyperexcitability component 
=oNIEMG Residual response at the end of the 20-minute loading period. 
In this model, the constraint of 1=+ oNIEMGE  is used to insure that full 
recovery results in a normal response. 
The models defined in Equations (3), (4), (5), and (6) were applied to each of 
the collected data sets associated with each of the four load intensities used. The 
parameters for all models were obtained by using the Marquardt-Levenberg non-linear 
regression algorithm. R square values were calculated by using the collected data sets 
and the values generated by the model to see how well the models fit. Considering the 
high range in the data due to occurrence of spasms, over 80 percent R square value is 
considered a good fit.  
The parameters were estimated through iteration. The initial parameters for the 
model were found as follows: first the parameter NIEMGo (value at the start of 
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recovery) was directly extracted as the final point of the laxity at the end of the 20-
minutes of static flexion. The parameters for the first and second hyperexcitability 
periods were estimated by the amplitude and duration of the periods. Time constants 
were estimated through iteration. The maximal value of the total recovery (minus the 
parameters NIEMG0) was used as E. These initial parameters were used in a 
Marquardt-Levenberg non-linear regression algorithm for final iterations. The 
parameters of the components were highly dependent upon each other and had large 
final coefficients of variation. Therefore, once the model format was set, the fits were 
relatively insensitive to changes in parameters. It should also be noted that the 
parameters shown here are approximate in nature. They reflect the overall behavior of 
the recovery response and are not precise determinations of this highly variable 
phenomenon.      
Some of the model parameters are out of norm with others, likely due to larger 
deviation from the norm caused by frequent and severe occurrence of spasms. This 
results in a loss of the exponential decaying nature of the other curves, and decrease in 
the quality model fit. 
The parameters of vertical displacement model and NIEMG model for the 20-
minute loading period, as defined in Equation (4) and Equation (5) are presented in 
Table 10 and Table 11. Figure 12, 13, 14, and 15 shows the graphical representation of 
the modeling behaviors for six different lumbar levels for four different magnitudes of 
load for the 20-minute loading period. Figure16 shows the model behavior for the 
vertical displacement for four different intensities of load during the 20-minute 
loading period. 
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Table 10. Vertical Displacement Model Parameters During 20-minute Static Loading 
Load Do DL (mm) T2 (min) r2
20 N 8.426 3.430 3.587 0.9096
30 N 10.15 5.193 3.925 0.9734
50 N 14.49 5.991 4.163 0.9616
70 N 17.65 8.225 3.225 0.9552
 
 
Table 11. NIEMG Model Parameters During 20-minute Static Loading 
Load Level NIEMGo A T1 (min) r2
L1-L2 1.0392 0.0000 1261.2373 0.0000
L2-L3 0.9984 0.0000 167.1407 0.0000
L3-L4 0.6874 0.3116 1.1496 0.9971
L4-L5 0.6523 0.3930 2.1222 0.9487
L5-L6 0.7235 0.2842 0.9749 0.9768
L6-L7 0.0000 1.0406 144.1343 0.1626
L1-L2 1.7556 0.0000 50510 0.0000
L2-L3 0.7887 0.2086 1.3869 0.0795
L3-L4 0.3530 0.6308 4.4686 0.9455
L4-L5 0.3594 0.5939 4.5480 0.9868
L5-L6 0.3425 0.6012 3.0576 0.9528
L6-L7 0.0617 1.1710 45.3666 0.1106
L1-L2 0.6773 0.2820 12.0433 0.0720
L2-L3 0.0000 1.2317 28.6737 0.1665
L3-L4 0.4634 0.7098 5.1927 0.7796
L4-L5 0.2680 0.8358 3.6502 0.9669
L5-L6 0.0000 1.0319 31.1575 0.4759
L6-L7 0.7888 1.8268 9.6133 0.2866
L1-L2 0.4736 1.0125 8.0723 0.5917
L2-L3 0.5553 0.4498 4.0330 0.8373
L3-L4 0.4166 0.5948 3.3950 0.9843
L4-L5 0.3814 0.6037 2.6257 0.9683
L5-L6 0.4727 0.5366 2.4098 0.9799
L6-L7 0.3598 0.8139 1.9317 0.8273
20 N
30 N
50 N
70 N
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Figure 12. Modeling behaviors for six different lumbar levels for 20 N of load for the 
20-minute loading period 
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Figure 13. Modeling behaviors for six different lumbar levels for 30 N of load for the 
20-minute loading period 
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Figure 14. Modeling behaviors for six different lumbar levels for 50 N of load for the 
20-minute loading period 
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Figure 15. Modeling behaviors for six different lumbar levels for 70 N of load for the 
20-minute loading period 
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Figure 16. Modeling behaviors for vertical displacement in L4/L5 supraspinous 
ligament for four different magnitudes of load during the 20-minute loading period 
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 The models for 20N, 30N and 50N of static loading show similar behavior, 
where the exponential decay rates are increasing with higher amounts of load. For 
higher magnitudes of load, it takes longer to reach the steady state. While the lumbar 
levels that are far away from the load application point (L1/L2, L2/L3, L3/L4, L5/L6, 
L6/L7) show a slower behavior at higher NIEMG values, at the load application point 
(L4/L5) the NIEMG values reach the lowest levels with the highest decay rate.  
The displacement models show the same behavior for all different loads where, 
the displacement increases exponentially in time. The levels of displacement show a 
proportional relationship with the load magnitude, where the higher displacement rates 
were observed with higher load magnitudes. 
The parameters for recovery period are also calculated for NIEMG and 
displacement by using equations (5) and (6). The results are presented in Table 12 and 
Table 13. Figure 17, 18, 19 and 20 show the graphical representation of the modeling 
behaviors for six different lumbar levels for four different magnitudes of load. Figure 
21 shows the modeling behavior of the displacement in L4/L5 supraspinous ligament 
during 7-hour recovery period. 
Table 12. Vertical Displacement Model Parameters During 7-hour Recovery Period 
Load Dc (mm) Dr (mm) T3 (min) r2
20 N 10.12 1.965 8.361 0.9178
30 N 11.94 2.920 40.984 0.8022
50 N 17.15 3.594 5.851 0.8623
70 N 21.67 4.770 5.461 0.9629
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Table 13. NIEMG Model Parameters During 7-hour Recovery Period 
Load Level E T4 (min) B T5 (min) C T6 (min) Td (min) NIEMGo r2
L1 / L2 0.0435 480 0.0651 0.120 0.0034 791.0 198.1 0.9565 0.9891
L2 / L3 0.0132 480 0.3137 2.061 0.0143 197.3 281.6 0.9868 0.9978
L3 / L4 0.2489 480 0.0396 9.978 0.0051 330.0 167.2 0.7511 0.9914
L4 / L5 0.2880 240 0.0596 9.999 0.0085 438.0 157.5 0.7120 0.9870
L5 / L6 0.3219 480 0.1596 6.834 0.0084 260.1 223.9 0.6781 0.9960
L6 / L7 0.1280 240 0.0615 2.911 0.0084 803.2 333.0 0.8720 0.9881
L1 / L2 0.0846 240 0.0284 9.648 0.0057 113.1 176.6 0.9154 0.6566
L2 / L3 0.4044 480 0.1048 10.000 0.0032 156.2 22.7 0.5956 0.9540
L3 / L4 0.5363 240 0.0953 10.000 0.0069 221.1 95.1 0.4637 0.9660
L4 / L5 0.5011 240 0.1415 10.000 0.0038 347.8 63.4 0.4989 0.9312
L5 / L6 0.5542 240 0.1823 10.000 0.0036 693.0 0.0 0.4458 0.9888
L6 / L7 0.3149 240 0.1523 10.000 0.0041 2414.7 0.0 0.6851 0.9817
L1 / L2 0.4418 240 0.0736 10.000 0.0000 0.5 285.3 0.5582 0.7851
L2 / L3 0.4173 480 0.1795 10.000 0.0037 534.8 0.0 0.5827 0.9669
L3 / L4 0.4892 240 0.2641 10.000 0.0060 441.9 0.0 0.5108 0.9759
L4 / L5 0.6261 240 0.3573 10.000 0.0092 274.0 0.0 0.3739 0.9709
L5 / L6 0.2544 240 0.7199 10.000 0.0248 212.7 0.0 0.7456 0.9157
L6 / L7 0.0471 240 0.4299 10.000 0.0031 879.9 0.0 0.9529 0.8824
L1 / L2 0.4535 240 0.0513 10.000 0.0094 275.6 157.5 0.5465 0.9887
L2 / L3 0.2851 240 0.0987 10.000 0.0124 305.0 152.2 0.7149 0.9669
L3 / L4 0.5336 240 0.1711 10.000 0.0024 415.9 0.0 0.4664 0.9392
L4 / L5 0.5231 240 0.2160 10.000 0.0015 1419.7 0.0 0.4769 0.9330
L5 / L6 0.5079 240 0.1626 10.000 0.0030 356.3 0.0 0.4921 0.9554
L6 / L7 0.5543 240 0.1173 10.000 0.0070 841.0 188.0 0.4457 0.9692
20 N
30 N
50 N
70 N
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Figure 17. The graphical representation of the modeling behaviors for six different 
lumbar levels for 20 N of loading during the 7-hour recovery period 
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Figure 18. The graphical representation of the modeling behaviors for six different 
lumbar levels for 30 N of loading during the 7-hour recovery period 
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Figure 19. The graphical representation of the modeling behaviors for six different 
lumbar levels for 50 N of loading during the 7-hour recovery period 
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Figure 20. The graphical representation of the modeling behaviors for six different 
lumbar levels for 70 N of loading during the 7-hour recovery period 
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Figure 21. The graphical representation of the modeling behaviors for the vertical 
displacement at L4/L5 supraspinous ligament during the 7-hour recovery period 
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CHAPTER 7 -   SUMMARY AND CONCLUSIONS 
Since the late 1950s, the creep and reflexive muscle activity behavior and their 
recovery have been examined under several different conditions including constant 
displacement and cyclic loading. However, the constant loading conditions have not 
been analyzed before. This study analyzed the constant loading conditions and 
resulted in several important findings.   
The short–term static loading of the lumbar spine resulted in creep and long 
lasting (over 7-hours) residual creep in the viscoelastic structures. In addition, 
reflexive muscle activity to stabilize the spine decreased with short-term static 
loading, which leads to decreased safety of the spine.  
Previous studies have shown that viscoelastic creep loading increases the laxity 
of the intervertebral joint, causing loss of stability of the spine or injury to the spine, 
and low back pain (Adams et al., 1990; Adams et al., 1987; Adams and Dolan, 1996; 
Gedalia et al., 1999). It is also reported that viscoelastic creep of the spinal structures 
can only recover partially with a short-term rest and the initial rest period is the most 
effective period in creep recovery (Gedalia et al., 1999). The results of this study 
confirm these previous findings for four different magnitudes of loads applied to the 
supraspinous ligament.  
During the experiments, the most effective rest period was the initial rest 
period. There was a transitory hyperexcitability in the initial rest period, followed by 
an exponential increase. A delayed transitory hyperexcitability period was observed 
with a time delay of 1-3 hours. Higher loads showed a higher rate of recovery at the 
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initial recovery period. Even after a short term (20 minutes) static loading, 7–hours of 
recovery was not enough to restore the reflexive multifidus activity and the resting 
conditions of viscoelastic tissues, resulting in increasing damage to the soft tissue with 
higher loads. 
For 20 N static loading, at the end of the first 10–minute rest period, the 
displacement in the viscoelastic tissue decreased by 12 percent. An additional 9 
percent decrease was observed until the end of the 7–hour recovery period. For 30 N, 
the displacement decreased by 14 percent in the first 10–minute rest period and 17 
percent additional recovery was observed at the end of the 7–hour recovery period. 
For 50 N, the decrease in the displacement was 15 percent at the end of the first 10–
minute rest period and decreased by 20 percent from the initial at the end of the 7–
hour recovery. For 70 N, the displacement decreased by 15 percent from its initial 
value at the end of the first 10–minute rest period and only 6 percent after till the end 
of the 7–hour rest period.   
For creep and residual creep in the supraspinous ligament, larger recovery was 
observed for preparations exposed to larger loads (27.1 % for 20 N loading and 66.4 % 
for 70 N loading). Nevertheless, the residual creep after rest was larger for higher 
loads (4.38 % for 20 N loading and 7.48 % for 70 N loading). The results showed that 
the creep developed in the ligament does not fully return to the normal resting length 
after 7 hours of rest, leaving the spine exposed to cumulative injury. 
The results of the study also support the previous findings that prolonged static 
flexion of the lumbar spine results in initial reflexive activity of multifidus muscle 
attempting to stabilize the spine (most likely initiated by large mechanoreceptors), 
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which decreases exponentially while accompanied by spasms (Solomonow et al., 
1996; Jackson et al., 2001). Multifidus spasms were recorded from all six lumbar 
levels with different amplitudes, frequencies and timing. 
Previous studies have established that cumulative load exposure and tissue 
overload in the lumbar spine leads to degeneration and injury of the spine and damage 
to soft tissues, such as ligaments (Kumar, 1990; Kumar, 2001; McGill and Norman, 
1986). Previous studies have also shown that the loading rate affects the distribution of 
stress and strain. The intradiscal pressure, bending moment and total ligament forces 
increase with higher loading rates, therefore higher loading rate reduces the safety 
margin of passive spinal elements (Wang et al., 2000). Our study supports these 
findings, since the creep in the supraspinous ligament was higher for 70N loading than 
for 20N, 30N, and 50N loadings at the end of the 20–minute static loading period. 
Higher loads elicited higher creep in the tissue.  
In this study, although the observed data behavior was similar to the cyclic 
loading (Gedalia et al., 1999) and constant displacement loading (Jackson et al., 2001) 
behavior during the loading period, a relatively complex model was necessary for the 
recovery period. A different exponential term was modeled to represent the second 
hyperexcitability period using a time delay component.  
The peak of the initial hyperexcitability was observed within the first 10-
minutes of rest, and decayed within an hour after the peak. It can be assumed that in 
this period, the musculature is reflexively recruiting higher than normal muscle forces 
to protect the injured tissues from further damage and to increase the stiffness of the 
spine. The delayed hyperexcitability period was initiated 1-3 hours after the rest period 
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had begun. The amplitude of the delayed NIEMG activity reached a peak 6-9 hours 
later and was above the peak NIEMG recorded at the beginning of the rest period (first 
10 minutes of rest), indicating that this hyperexcitability may be a significant disorder. 
7-hour rest period was not enough for the NIEMG values to return to the normal. The 
model developed in this study indicates that, even after 24 hours of rest, the NIEMG 
values are still 5 percent higher than its original values.  
Overall, this study supports the previous findings about the initial and 
secondary recovery of the electrical activity and creep behavior of the multifidus 
muscle and supraspinous ligament after a short-term period of loading. However, the 
mathematical description of the phenomenon is modified by taking the delay time for 
the second hyperexcitability period into account. Understanding the time periods for 
the recovery is essential since a better understanding of the phenomenon can lead to 
optimal design of work/rest periods in occupational activities as well as sports. 
Three research directions can be suggested as further investigation of the 
phenomenon. First, the physiological explanation of the observed and modeled 
behavior needs to be investigated. The mechanism of the micro-damage caused by the 
loading and the reasons for the hyperexcitabilities should be analyzed in term of 
recovery and time. Pathological analyses of the tissues loaded in the experiment might 
be required for such investigation.  
The second suggested research direction, although it might require the similar 
physiological investigation, is the observation of behavior under cumulative loading 
conditions. In all of the previous studies, the efforts have been concentrated on the 
observation of the behavior after a single stimulus (loading, displacement, etc.). 
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However, the repetition of the stimulus may result in a cumulative effect, similar to 
the occurrence of the cumulative musculoskeletal disorders. The stimulus can be 
introduced repetitively with constant loading and rest periods several times, simulating 
a behavior that can be observed in a manual material handling task.  
The third research direction may be the modeling and the validation of the 
required time period for the full recovery of the NIEMG and creep values. Although 
the model developed as a part of this study can be used to extrapolate the required 
time periods for the full recovery, the calculations should be validated with a series of 
experimentation, where the subjects are observed for longer durations of time. 
Furthermore, this study did not take age and gender effects into consideration that may 
be important for the damage to the visco-elastic tissues caused by the loading and the 
required recovery time. Age and gender differences may also be considered as a future 
research direction.  
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APPENDIX D - NIEMG GRAPHS FOR EACH 
PREPARATION SUBJECTED TO 70 N LOADING 
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